This study proposes a low-pressure control method for an arc-submerged nanoparticle synthesis system (ASNSS) developed for TiO 2 nanoparticle fabrication. The photocatalytic and surface adsorptive activity of TiO 2 nanofluid is examined via the decomposition of methylene blue. Experimental results show that the ASNSS can successfully prepare anatase TiO 2 . The rate constant of photocatalytic reaction of TiO 2 nanoparticles for methylene blue is 0.0365 (min À1 ), and the rate constant of surface adsorption of methylene blue on TiO 2 is 0.0437 (min À1 ). Experimental results indicate that the TiO 2 nanofluid prepared by the ASNSS has excellent photocatalytic activity and surface adsorption property for degradation of methylene blue.
Introduction
Nanomaterials reveal new functions which are derived both from the geometric size of nanostructures and from their material-specific properties. In the investigation of material properties, compounds that are employed as photocatalysts include oxides such as TiO 2 , ZnO, Nb 2 O 5 , WO 3 , SnO 2 and ZrO 2 , as well as sulfides such as CdS and ZnS. Among these, titanium dioxide (TiO 2 ) is one of the most commonly used. TiO 2 nanoparticles have characteristics such as strong reduction and oxidation capability, high chemical stability, and low costs and they are harmless to the environment, thus making them a promising new type of photocatalyst. 1) According to the basic principles of the gas condensation method, this study develops an Arc-Submerged Nanoparticle Synthesis System (ASNSS) for preparing a TiO 2 nanoparticle suspension. 2, 3) The experiment device is composed primarily of a heating system, an ultrasonic vibration system, a pressure control system, and a temperature control system. The prepared nanoparticles were characterized for microstructural properties by the Transmission Electron Microscope (TEM, JEOL JSM-1200EX2 and Hitachi-H7100). The crystalline phase was determined by X-ray Diffraction (XRD, MAC-MXP18). All peaks measured by XRD analysis were assigned by comparison with those of data from the Joint Committee on Powder Diffraction Standards (JCPDS). An Ultraviolet-Visible (UV-Vis) spectrophotometer (Hitachi, U-2001) was used to analyze the optical property of the nanofluids. The photocatalytic reaction was carried out in a custom-made photoreactor (FanChun Technology Inc., PR-2000) . The degradation of methylene blue was used as a test-reaction to verify the photocatalytic activity of the prepared TiO 2 nanoparticle suspensions. The photodegradation was studied by monitoring the absorbance of the methylene blue solution at the absorption maximum wavelength of 664 nm. The rate of photodecomposition of methylene blue by TiO 2 can be calculated from the change in absorbance during photodegradation.
Experimental
The schematic diagram of the experimental setup is shown in Fig. 1 . In the ASNSS, a bulk metal applied as the electrode is submerged in dielectric liquid in a vacuum chamber. Applied electrical energy is the heating source for generating an adequate arc with a high temperature ranging from 6000 to 12000 C.
4) The vaporized metal powders are then rapidly quenched by the designed cooling system, thus nucleating and forming nanocrystalline powders. The nanoparticles thus produced are dispersed in deionized water, which helps reduce the aggregation phenomenon upon particle collection and also avoids particle powder spray.
Since TiO 2 is an N-type semiconductor, the reaction upon the excitation of UV is as follows: 
Since OHÁ and O 2 À Á carry strong oxidation capability, which can oxidize organic molecules to achieve mineralization, its total reaction of removing organic pollutants is as follows:
Generally, the kinetics of adsorption follow a LangmuirHinshelwood mechanism, confirming the heterogeneous catalytic character of the system with the reaction rate varying proportionally with the coverage. 5, 6) The LangmuirHinshelwood kinetics equation can be expressed as follows:
where C 0 is the initial concentration of the reactant, K is the adsorption equilibrium constant, C is the concentration of the adsorbate, and k r is the reaction rate constant. For diluted solutions (C < 10 À3 M), KC becomes (1 and the reaction is of the apparent first order. The above equation can be simplified into:
where k a is the rate constant of the apparent first order. The photocatalytic reaction was carried out in a photochemical reactor. This system was open to air, with a total of 16 quartz light tubes circulating the reaction cell. The UV light was obtained from UV-lamps with wavelength of 253:7 AE 0:8 nm. 7, 8) The UV-Vis spectrometry was used to monitor the absorbance spectra of methylene blue as a function of illumination duration. The degradation was studied by monitoring the absorbance of the methylene blue solution at the absorption maximum wavelength of 664 nm. Before the photoreaction experiment, the aqueous solution of methylene blue, 5 Â 10 À5 mol/l (M), was stirred in the presence of the TiO 2 sample at the concentration of 0.016 mass%. During illumination, the solution was bubbled with nitrogen gas. The photocatalytic efficiency of the TiO 2 suspensions prepared by the ASNSS was examined and the results were fitted by first-order reaction models.
Results and Discussion
This study uses the ASNSS to prepare TiO 2 nanofluids and X-ray diffraction (XRD) to confirm the crystal phase of particles. As indicated by the comparison in Fig. 2 , the nanoparticles produced from the process are Anatase TiO 2 . Table 1 summarizes the working conditions conducive to the preparation of ideal nanoparticles by the ASNSS. Figure 3 is the TEM image of the nanoparticle suspension prepared using the process variables in Table 1 . As shown in Fig. 3 , the TiO 2 nanofluids prepared by the ASNSS indicate good nanoparticle dispersion with a mean particle size below 10 nm.
Before photoreaction, methylene blue was well stirred with TiO 2 nanofluid to ensure complete surface adsorption of methylene blue on TiO 2 nanoparticles. The change in methylene blue concentration was investigated by monitoring the maximum absorbance of methylene blue at wave- Table 1 . length of 664 nm, as plotted in Fig. 4 . A noticeable change can be observed after 30 minutes, at which point the absorbance of methylene blue had dropped greatly from 2.6 to 0.626, i.e. 75% of the original value. In other words, even without photon irradiation, the concentration of methylene blue decreased dramatically. This result indicates that the TiO 2 nanoparticles prepared by the ASNSS have strong adsorbability towards methylene blue molecules, and thus these molecules would be transferred from the solution phase to the surface of the TiO 2 nanoparticles within a short period of time, leading to the decrease in methylene blue concentration. Figure 4 further indicates that the adsorption equilibrium between methylene blue and TiO 2 nanoparticles can be reached after 120 minutes. The TiO 2 nanoparticle suspension fabricated in this study has an extremely strong adsorption towards methylene blue. This is because methylene blue carries a positive charge (R-S þ ), and the pH value of TiO 2 nanoparticle suspension is larger than pH zpc (2.5) of TiO 2 nanoparticles. As a result, the surface of the TiO 2 nanoparticles carried a negative charge (Ti-O À ), causing the TiO 2 nanoparticles and methylene blue molecules to be mutually attracted. Moreover, the particle size of the fabricated TiO 2 nanoparticle suspension is smaller than 10 nm. Consequently, it has an extremely large specific surface area ($194 m 2 g À1 , see below) for methylene blue adsorption, causing it to be adsorbed on the surface of TiO 2 nanoparticles within a short period of time, and resulting in a rapid decrease in the concentration of methylene blue. Figure 5 shows a series of UV-Vis absorption spectra of equilibrium methylene blue-TiO 2 nanoparticle suspension irradiated for the durations of 0, 30, 60 and 90 minutes. Again, the disappearance of the absorption band at 664 nm indicates the change in methylene blue concentration as a function of irradiation time. It can be seen that after 30 min of irradiation, the absorption of methylene blue at wavelength of 664 nm dropped significantly from 0.423 (before illumination) to 0.077, showing clearly that upon irradiation, the methylene blue molecules undergo decomposition reaction. Figure 6 plots the changes in concentration of methylene blue before and after the photocatalysis of TiO 2 particles as a function of illumination duration. As can be seen, the TiO 2 nanoparticle suspension fabricated by the ASNSS carries strong photocatalytic activity and photocatalysis efficiency for methylene blue under the experimental condition because the photocatalytic reaction would be completed within a short period of time (less than 60 minutes). The control experiments showed that in the direct photodecomposition experiment, the effect of photolysis on methylene blue is not apparent. Figure 6 shows that the rate constant of photocatalytic activity of TiO 2 nanoparticles for methylene blue calculated using eq. (7) is 0.0365 (min À1 ), and the rate constant of surface adsorption of methylene blue on TiO 2 is 0.0437 (min À1 ). The above result for photocatalytic decomposition of methylene is also compared with that of the commercial TiO 2 -Degussa P25. It was found that for the same amount of TiO 2 sample used, the ASNSS-prepared TiO 2 nanofluid showed catalytic properties of higher efficiency for this reaction. However, it must be kept in mind that this comparison is biased, since the TiO 2 nanofluid consists of highly dispersed nanoparticles (Fig. 3) . Thus, it is difficult to measure directly its surface area using the typical BET method, but as the first-order approximation, the surface area of TiO 2 particles in nanofluid estimated by the TEM image is 194 m 2 g À1 , higher than that of TiO 2 -Degussa P25 (55 m 2 g À1 ). Moreover, the TiO 2 nanofluid is all anatase (TiO 2 -Degussa P25 is 70% Anatase and 30% Rutile). The difference in surface area, crystal composition, and catalyst morphology all contribute to the discrepancy in catalytic performance, 9) so the direct comparison between these two samples requires more experimental evidence. Nevertheless, the changes in concentration of methylene blue are mainly controlled by the surface adsorption of methylene blue on TiO 2 and photocatalytic reaction, among which, the surface adsorption is the most obvious. Moreover, the high photocatalytic activity of TiO 2 nanoparticle suspension causes methylene blue to be decomposed within a short period of time.
Conclusions
According to the basic principles of the gas condensation method, this study has developed an Arc-Submerged Nanoparticle Synthesis System (ASNSS) for preparing TiO 2 nanofluids. From the experimental results and the discussion above, the following conclusions are made.
(1) TiO 2 nanofluid has good dispersion, so even without a dispersant, it can still remain in stable suspension for a fairly long time. ( 2) The presence of TiO 2 plays an important role in the degradation of methylene blue. The rate constant for methylene blue calculated using the LangmuirHinshelwood equation is 0.0365 (min À1 ), and the surface adsorption of methylene blue on TiO 2 is 0.0437 (min À1 ).
(3) The changes in concentration of methylene blue are mainly controlled by the adsorption of methylene blue on TiO 2 nanoparticles. Experimental results have shown that the prepared TiO 2 has good photocatalytic activity for decomposition of methylene blue.
